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Flexible Thermoelectric Generators with Inkjet-Printed Bismuth Telluride
Nanowires and Liquid Metal Contacts
Abstract
Solution phase printing of nanomaterials is becoming increasingly important for the creation of scalable
flexible electronics including those associated with biomedical and energy harvesting applications. However,
the use of solution-phase printed thermoelectric energy generators (TEGs) has been minimally explored.
Herein we report a highly flexible inkjet-printed TEG. Bismuth telluride (Bi2Te3) and bismuth antimony
telluride (Bi0.5Sb1.5Te3) nanowires (NWs) are inkjet printed onto polyimide to form n-type and p-type legs
for the TEGs. A post-print thermal annealing process is used to increase the thermoelectric performance of
the printed NWs while eutectic gallium-indium (EGaIn) liquid metal contacts electrically connect the TEG
legs in series. Annealing conditions for the combination of p/n legs are examined to maximize the
thermoelectric efficiency of the TEG prototype. The maximum power factor was found to be 180 μW m-1K-2
and 110 μW m-1K-2 for Bi2Te3 and Bi0.5Sb1.5Te3 respectively, and a maximum power of 127 nW at a 32.5 K
temperature difference. The performance of the TEG device does not diminish even after multiple bending
(up to 50 times) experiments around a tight radius of curvature (rod dia. 11 mm). Hence this inkjet-printed
flexible TEG is a step towards a fully functional wearable TEG device.
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ABSTRACT
Solution phase printing of nanomaterials is becoming increasingly important for the 
creation of scalable flexible electronics including those associated with biomedical and energy 
harvesting applications. However, the use of solution-phase printed thermoelectric energy 
generators (TEGs) has been minimally explored. Herein we report a highly flexible inkjet-printed 
TEG. Bismuth telluride (Bi2Te3) and bismuth antimony telluride (Bi0.5Sb1.5Te3) nanowires (NWs) 
are inkjet printed onto polyimide to form n-type and p-type legs for the TEGs.  A post-print thermal 
annealing process is used to increase the thermoelectric performance of the printed NWs while 
eutectic gallium-indium (EGaIn) liquid metal contacts electrically connect the TEG legs in series. 
Annealing conditions for the combination of p/n legs are examined to maximize the thermoelectric 
efficiency of the TEG prototype. The maximum power factor was found to be 180 W m-1K-2 and 
110 W m-1K-2 for the Bi2Te3 and Bi0.5Sb1.5Te3 nanowires respectively.  A maximum power for the 
fully printed TEG device measured127 nW at a 32.5 K temperature difference. The performance 
of the TEG device does not diminish even after multiple bending experiments (up to 50 times) 
around a tight radius of curvature (rod - dia. 11 mm). Hence this inkjet-printed flexible TEG is a 
step towards a fully functional wearable TEG device.
Introduction
The recent development of large-area, solution-phase printing techniques has enabled the 
fabrication of low-cost flexible electronics for various unique applications including disposable 
chemical/biological sensors,1–4 biocompatible cellular scaffolds/conduits5, radio-frequency 
identification (RFID)-enabled antennas6, supercapacitors7–10, optoelectronics11–14, and organic 
light-emitting diodes10,15. The advancement of such low-cost printed electronics is beginning to 
converge on the development of flexible wireless sensor networks (WSNs) that can monitor stress, 
corrosion, vibrations, thermal fluctuations, electrical signals, and biochemical targets on curvilinear 
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structures including on piping/exhaust systems16,17, the human body18,19, and smart unmanned 
vehicles20.  However, these sensor networks are often limited due to the bulk and rigidity of battery 
components that are needed for power and data transmission.  Hence, researchers are developing 
energy harvesters to acquire power from alternative, ambient energy sources including those from 
vibration, light, and thermal gradients found throughout the environment including on the body21,22. 
Thermal gradients are of particular interest due to the fact that thermal energy is generated from 
within the target of interest and consequently is generally more steady and reliable than other 
ambient energy sources that may vary depending upon weather, location, or movement23. Thermal 
energy harvesting also shows promise for the continual power of WSN devices due to their simple 
design that does not use complex parts nor fluid/electrolyte additives that require maintenance and 
produce emissions or waste24,25. 
Typically, thermoelectric generators (TEGs) have been utilized in large scale applications 
where temperature gradients are high, such as space probes26 and engine exhaust pipes27. These 
high temperature grade applications typically use metal oxide thermoelectric materials that are not 
efficient for use in low-grade heat sources (temperatures sources < 120ºC28; e.g., body, home 
applications, and mobile devices) where temperature gradients are small.29 Recently, researchers 
have developed thermoelectric materials (e.g., bismuth telluride, antimony telluride, and bismuth 
antimony telluride) that experience increased efficiencies with relatively high ZT values (the 
dimensionless thermoelectric figure of merit ZT is defined as S2T/k where  is electrical 
conductivity, S is Seebeck coefficient, T is the average temperature between the hot side and cold 
side, and k is thermal conductivity) with a range from 0.5 to 1.5 at low-grade temperatures30–34. In 
particular, bismuth telluride (BT)-based alloys have proven to be some of the most efficient 
thermoelectric materials at low temperatures. More specifically, n-type bismuth telluride (BT) and 
p-type bismuth antimony telluride (BST) exhibit high ZT values at temperature ranges between 
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300 and 500 K. Furthermore, the doping/alloying and/or nanostructuring of these materials have 
exhibited further improvements in device performance35–37.
TEGs with bismuth telluride-based alloys are generally made with macro-sized pellets with 
sizes and thicknesses in the millimeter range. Traditional TEGs are fabricated by hot pressing p/n 
type thermoelectric alloys formed into pellets that are electrically connected in series by metal 
contacts and typically sandwiched between two ceramic plates38. The pellets are bulky and rigid 
and subsequently not conducive for incorporation into flexible TEGs. Hence researchers have 
begun the process to develop solution-phase printing techniques including screen printing17,39, 
dispenser printing40–42, spray printing43 , and inkjet printing44–46 to create flexible TEGs that are 
amenable to low-cost and scalable manufacturing techniques. For example, Kar-Narayan and 
coworkers demonstrated that flexible organic-inorganic Bi2Te3/ Sb2Te3 nanocrystals printed within 
a poly(3,4-ethylenedioxythiophene) polystyrene sulfonate matrix could achieve a power factor of 
30 μW m-1K-2 47. These solution-phase printing processes contain distinct advantages and 
disadvantages. Screen printing and dispenser printing are typically employed for thick, lower 
resolution films (line resolution and film thickness > 100 µM)40. Screen and spray printing requires 
the use of a prefabricated metal stencil to pattern surfaces and generates ink waste in the form of 
ink residue on the stencil/shadow mask and squeegee/doctor blade.  However, inkjet printing is 
approximately 4-5 times faster than screen printing (depending upon the material, nozzle diameter, 
and patterning technique used) and has demonstrated line resolutions of approximately 50 µm,48,49 
and even 20 µm via recently developed inkjet maskless lithography patterning techniques.2 
Moreover, inkjet printing like aerosol printing does not require the use of a stencil or shadow mask.
Herein, we report the development of the first flexible TEG created by inkjet printing.  A 
low-temperature, chemical batch synthesis is performed to create both n-type and p-type 
thermoelectric nanowires (NWs) comprised of bismuth telluride (Bi2Te3: BT) and bismuth 
antimony telluride (Bi0.5Sb1.5Te3: BST) respectively.  These thermoelectric NWs are formulated 
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into a jettable ink and printed onto flexible polyimide substrates. The thermoelectric capability of 
the film is monitored for distinct film thicknesses, post-annealing temperatures and bending 
conditions. The printed TEG delivered a maximum power of 127 nW at a 32.5 K temperature 
difference. High flexibility is also achieved by connecting individual TEG legs in series with 
eutectic gallium-indium (EGaIn) liquid metal interconnects. Hence, the inkjet-printed flexible TEG 
is a significant step towards fully functional wearable TEG devices.
Results and Discussion
Fabrication of Printed TEG
BST and BT nanowires (NWs) are synthesized following our previously reported low-
temperature, solution-phase synthesis method.35 Briefly, tellurium dioxide with surfactant 
polyvinylpyrrolidone is reduced into tellurium NWs within a mixture of potassium hydroxide, 
ethylene glycol, and hydrazine (reduction agent). Next, bismuth, and antimony precursors are 
added to form the BST and BT NWs respectively  (Figure 1a).35,33 Both NW mixtures are 
transformed into a printable mixture via dilution in deionized water (DI) water, centrifugation for 
solvent removal, and bath sonication to homogeneously suspend the NWs in liquid media (see 
Methods) (Figure 1b-c). Both the concentration the and viscosity of the BST and BT NW inks (2.5 
mg/mL and 1.62 cP for BT NW inks and 2 mg/mL and 1.35 cP for the BST NW inks respectively) 
were tuned by manipulating the concentration of ink constituents to improve the printing quality. 
Consequently, printer clogging was generally prevented by lowering the concentration of these ink 
constituents while ink splatter was prevented by raising their concentration.  The resultant BST and 
BT NW inks are inkjet printed with varying thickness on polyimide by controlling the number of 
passes of the nozzles during the inkjet printing process (see Methods). Hence, the printed nanowires 
are named BST25, BST50, and BST100 for the BST nanowires printed with 25, 50, 100 printer 
passes and BT50, BT100, and BT150 for the BT NWs printed with 50, 100, and 150 passes (Figure 
1d-f). The average thickness of the BT50, BT100, BT150, BST25, BST50, and BST100 printed 
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nanowires correspond to thicknesses of 0.57m ± 0.10, 0.89m ± 0.06,1.56m ± 0.05, 0.37m ± 
0.04, 0.62m ± 0.08, and 0.94m ± 0.12 measured via SEM analysis (see Figure S1 in 
Supplemental Information, ± 1 std. deviation with n = 4). It should be noted here that these NW 
film thicknesses are chosen based on their thermoelectric performance (e.g., Seebeck coefficient, 
electrical conductivity) as well as their ability to maintain flexibility as noted in subsequent sections. 
The printed NWs are consequently annealed in a tube furnace under forming gas at various 
temperature and time (Figure 1g) to improve their thermoelectric properties and then connected in 
series by EGaIn liquid metal50.  Finally, a silicone elastomer coating is applied to encapsulate and 
protect the final device from the environment (Figure 1h). 
Form
ulating
Ink
Printing
N
anow
ires
A
nnealing
and
Finishing
NWs
Mixture
Dilute BTNWs
mixture with DI
water
Centrifuge and
decant the
supernatant
Bath sonicate
to disperse
NWs in DI
Ink cartridge
installation
Inkjet printer
BT NWs ink
Kapton
BST NWs Ink
Annealing
Gas flow
Liquid Metal
Spray
Liquid Metal
Silicone sealant
Figure 1. Fabrication schematic for the development of the inkjet printed TEG device. (a-c) Liquid 
phase synthesis of the BT and BST NWs and subsequent ink formulation for inkjet printing, (d-f) 
inkjet printing of the BT and BST NWs onto flexible polyimide film, (g) thermal annealing of 
printed NWs, and (h-i) spray printing of liquid metal contacts and doctor blade coating of silicone 
sealant.
Spectroscopic & Electrical Characterization of Printed Thermoelectric Nanowires
After inkjet printing (Fig. 1f), the thermoelectric NWs are thermally annealed or sintered 
(Fig. 1g) according to our previous protocols to improve their thermoelectric properties46. To 
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improve the efficiency of device fabrication, an annealing temperature that maximized the 
performance of both the BST and BT nanowires was explored.  The annealing temperature of  400 
C induced within a forming gas environment (~ 2 hrs.) was first analyzed according to our previous 
results (see Methods)46. After annealing at these conditions, the printed BST50 form small and 
discrete crystalline NWs (Figure 2a). This process leads to large electrical resistance of the sample, 
most likely due to the lack of nanowire-to-nanowire sintering. However, at a higher annealing 
temperature (450 C) and a shorter annealing time (10 mins) the printed BST50 nanowires 
morphology changed from discrete nanowires to agglomerated microdisks; the nanowires become 
sintered at these higher annealing temperatures (Fig. 2b).  It should be noted that the annealing time 
was reduced from 2 hours to 10 minutes during annealing at 450 C as the longer annealing time 
began to crack the printed BST50 nanowire film, disintegrate the polyimide substrate underlayer, 
and consequently render the sample electrically non-conductive (Figure S2 & S3).   Similarly, 
BT50 printed nanowires become sintered at the elevated annealing conditions (viz., 450C for 10 
minutes) (Fig. 2c & 2d) with a noticeable lower change in morphology which is most likely due to 
the absence of the low melting point element antimony that is present in the BST NWs. Moreover, 
the electrical conductivity (measured at room temperature, see Methods) for the printed BST NWs 
annealed at these conditions was ~29900 S m-1 as compared to  ~0 S m-1 with annealing at 450 C 
for 2 hours (due to severe sample degradation), and  ~617 S m-1 after annealing at 400 C for 2 
hours (see Methods). Similarly, the electrical conductivity (measured at room temperature) for 
printed BT NWs annealed at these conditions was 5649 S m-1 as compared to 63 S m-1 after 
annealing at 450 C for 2 hours and 1204 S m-1 after annealing at 400 C for 2 hours.  It should be 
noted that these electrical conductivities are higher than recently reported Bi1.8Te3.2 and Sb2Te3 thick 
films comprised of printed powders 20. Such a high electrical conductivity is most likely due to 
percolative nature of the of the printed and thermally annealed nanowire network (~ 8 nm diameter 
nanowires) that may help maintain high electrical conductivities while suppressing phonon assisted 
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thermal conductivity which would effectively increase the ZT values of the printed films51.  In 
summary, the forming gas annealing at 450 C for 10 mins significantly improved the electronic 
transport through the printed thermoelectric nanowires the most and hence was used in the final 
printed TEG prototype developed herein. 
Figure 2. Scanning electron microscopy (SEM) micrographs displaying 
morphology changes of the printed BST50 and BT50 nanowires after 
thermal annealing. Printed BST50 NWs annealed at (a) 400C for 2 
hours and (b) 450 C for 10 mins. Printed BT50 NWs annealed at (c) 
400 C for 2 hours and (d) 450 C for 10 mins.
Next, X-ray diffraction (XRD) was used to verify the crystalline structure of the printed 
BST50 and BT50 NWs before and after annealing. Distinct peak positions for Bi0.5Sb1.5Te3 
(JCPDS-#49-1713) and Bi2Te3 (JCPDS-#15-863) are observed for the printed BST50 and BT50 
NW samples respectively (Figure 3a & 3b). These XRD peaks become much more pronounced and 
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sharp after the annealing process without an observable shift in their position. This suggests that 
annealing both the BST50 and BT50 printed NWs at 450 C for 10 minutes improves the crystalline 
nature of the NWs without changing their phase or composition. Hence, these annealing conditions 
are conducted on all subsequent samples explored herein.
Figure 3. XRD diffraction patterns obtained from the printed (a) BST and (b) BT NWs.  XRD 
patterns after annealing (top) and before annealing (bottom) at 450 C for 10 mins.
Thermoelectric Characterization of Printed Thermoelectric Nanowires
The in-plane Seebeck coefficient (S), electrical conductivity () and calculated power 
factor (P.F.)  of the printed and thermally annealed BST25, BST50, and BST100 samples were 
acquired over a low-grade temperature range of 300 – 400 K. (Figure 4). First, the S, , and P.F. 
of all the printed BST NW samples were analyzed and plotted (Figure 4a-c).   All BST samples 
display positive S values that are indicative of p-type behavior while the slight increase of S at 
higher temperature can be attributed to the thermal excitation of electrons52. The high S value for 
BST25 is possibly due to the low carrier concentration when the film is too thin (not continuous). 
BST25 has an electrical conductivity of approximately 400 S m-1, which is considerably lower than 
values recorded for the BST50 and BST100 printed NWs (Figure 4b). This low electrical 
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conductivity of BST25 is most likely due to the poor film formation at such a low film thickness.  
However, the electrical conductivity of the thick BST100 printed NWs is consistently lower than 
the BST50 films as well. In the case, the thicker BST100 most likely experienced insufficient 
annealing (forming gas and heat did not sufficiently penetrate the sample) which lead to lower 
electrical conductivity.  Consequently, the calculated power factor (P.F. =  * S2) for the BST50 
printed NWs was higher than the BST50 and BST100 printed NWs (Figure 4c). The printed BST50 
NWs displayed the highest P.F., ~1.8*10-4 W m-1K-2 at 400 K.   Next, the S, , and P.F. of all the 
printed BT NW samples were also plotted (Figure 4d-f). The negative S values of BT samples are 
indicative of n-type behavior, and the values increase with the increase of measurement temperature. 
However, the printed BT50 and BT150 NWs display lower S values than printed BT100 NWs. This 
deviation could be attributed to the over-annealing of film with less materials on BT50 films and 
insufficient annealing of BT150 films, which would consequently decrease the electron mobility. 
In this case the BT100 printed films displayed a slightly higher electrical conductivity than the 
BT150 films and much higher electrical conductivity then the BST25 films.  Again the thinnest 
film was most likely too thin for sufficient electrical transport.  However, the annealing process 
sufficiently penetrated both the BST 100 and 150 printed films and their associated electrical 
conductivity improved with increasing temperature.  These results are most likely due to the 
increase in grain size of the printed BST that occurred with increasing temperature which has shown 
to occur according to previous reports.28    Consequently, the printed BT100 NW films displayed 
the highest P.F.  value of 1.1 * 10-4 W m-1K-2 at 400 K. Moreover it is also likely that the high P.F. 
values for both the BST50 and BT100 samples are due in part to the reduction of wire-wire contact 
resistance that occurs at elevated annealing temperatures where the superficial polyvinlpyrrolidone 
(PVP), present on the nanowires from the synthesis process, starts to decompose while the 
nanowires start to fuse together53. Moreover, the performance of the printed films exhibited low 
thermal conductivity due to the ability of the nanowire network films to increase phonon 
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scattering51.  On that note, the in-plane thermal conductivities of the prepared BT NWs and BST 
NWs were 1.19 W m-1K−1 and 0.55 W m-1K−1 respectively, as reported in our previous work33,35.  
Such thermal conductivities were hence used to estimate ZT values of 0.04 for the BT100 printed 
thin film and 0.13 for BST50 printed thin films annealed at 400 K.
Figure 4. Temperature dependent thermoelectric property measurements: (a) Seebeck coefficient 
(S) (b) Electrical conductivity () and (c) Power factor (P.F.) for the printed BST25, BST50, and 
BST100 NW films. (d) S (e)   and (f) P.F for the printed BT50, BT100, and BT150 NW films.  
All measurements are acquired across a low grade temperature range of 300 to 400 K with 
increments of 50 K. Note, all graphs contain error bars (1 σ) which are acquired from three distinct 
samples  (n = 3).  Error bars are smaller than the symbol size for the electrical conductivity and 
power factor graphs.
TEG flexibility experiments
Finally, a fully functional flexible TEG prototype containing five pairs of legs was 
developed to test the ability of such a device to harvest energy from low-grade thermal gradients 
(Figure 5 & Figure 1). It should be noted that the TEG prototypes fabricated with EGaIn contacts 
that electrically connect the p and n-type TEG legs, displayed better flexibility as compared to 
prototypes integrated silver paste electrical contacts (Figure S4).  Consequently, all following 
experiments are carried out with prototypes fabricated with EGaIn electrical contacts.  The 
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performance of the TEG prototype was monitored by attaching the device to the curved surface of 
a plastic cup. A 0.1 mV baseline output voltage was measured when the water level was below the 
sample (no temperature difference across the sample). Next, DI water at 30 °C was then poured 
into the cup until the water level was even with the bottom height of the TEG EGaIn contacts 
(Figure 5b). In this scenario, the measured voltage increases to 9.8 mV due to the temperature 
difference between the water and the air (23 °C).  The output power (P) of this TEG prototype was 
next calculated by using the equation  where E is the open circuit 𝑃 = 𝐸𝐼 ― 𝐼2𝑅𝑖𝑛 = 𝐸2𝑅/(𝑅 + 𝑅𝑖𝑛)2
voltage, I is the output current, Rin is the resistance of TEG and R is the load resistance. The TEG 
generates 14.1 nW with 10.5 mV at a 7 K temperature difference between the warm water and 
ambient air (Figure 5f).  This temperature difference is similar to the difference between the active 
human body temperature and ambient temperature.54 A 127 nW maximum power is generated at a 
32.5 K temperature difference with five pairs of p-n legs when the load resistance matches the TEG 
resistance as shown in Figure 5f. This power output is currently the highest reported value for thin 
film (thickness < 5 μm) thermoelectric generators (TEGs).44,55
Next, the flexibility and durability of the TEG prototype was analyzed. The TEG sample 
was rolled up around a rod with a radius of 11 mm (Figure 5c) in a cyclic fashion. A negligible 
change in resistance was measured as 4 k for the printed TEG tightly wound around the rod and 
3.9 k for the unwound, flat TEG (Figure 5d insert). The durability of the sample was monitored 
by measuring the resistance of the prototype after multiple bending/rolling cycles (1, 10, 20, 30, 
40, 50; see Figure 5d). Once again, no significant change in resistance was found after these cyclic 
bending tests; the printed TEG prototypes demonstrate high flexibility and durability—attributes 
that generally cannot be achieved by TEGs fabricated with pellets or screen-printed thick films. 
Next, the open circuit voltage of the device was acquired at various temperature differences and 
plotted (Figure 5e). This measurement was performed by initially suspending the sample between 
a hot plate and a cold plate. A maximum voltage of 46 mV was created by a temperature difference 
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of 32.5 K between the hot and cold plate. Three measurement trails were performed on the same 
sample and consequently one pair of the p-n TEG legs displayed a voltage of 160 uV K-1 with 
R=0.998, which is consistent with the S measured on the BST50 and BT100 printed films at the 
corresponding temperature (Figure 4a & c). Hence a similarly fabricated TEG device fabricated 
with 360 pairs of legs should theoretically (neglecting increased resistances with longer TEGs) 
generate 1.8 V and power a red light emitting diode at a temperature difference of 30 K. 
Figure 5. (a) An optical image of an inkjet-printed TEG prototype wrapped around a plastic cup 
while open circuit voltage is measured with a voltammeter. (b) The open circuit voltage reading 
after adding 40 °C water to the level of the bottom TEG EGaIn electrical contact. (c) The resistance 
of the printed TEG when unrolled in a flat position and (d) the resistance after tightly wrapping 
around a metal rod (dia. 11 mm) for 1, 10, 30, 40, 50 times of rolling.  Inset picture portraying TEG 
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tightly wrapped around the rod. (e) Three repetitions of open circuit voltage measurements acquired 
over varying temperatures of a printed TEGs containing 5 pairs of p-n legs.  (f) The output power 
of the printed TEG as a function of load resistance.  Note the open circuit measurements and the 
output power measurements were obtained by placing the TEG prototype on temperature controlled 
hot and cold plates.
CONCLUSIONS
In this work, a flexible thin-film TEG device is created with inkjet printed BST and BT 
NWs.  Liquid metal contacts significantly increase the overall flexibility of the printed TEGs as 
compared to traditional silver paste contacts. These developed fabrication protocols enable the 
scalable fabrication of thin film TEGs on flexible substrates and consequently helps pave the way 
for thermal energy harvesting from low temperature gradients and curved objects (e.g., human 
body). A high power factor for the device (1.8 *10-4 W m-1K-2), relative to other thin-films, is 
achieved for the printed TEG prototype. The TEG prototype developed herein with five pairs of  
p-n legs delivered a 45 mV voltage while a temperature difference of 32.5 K  was actively 
maintained between the TEG hot and cold ends with a heating plate and a Peltier cooler respectively. 
The power output of 127 nW is the highest reported value for an all-printed, thin film thermoelectric 
generator.  Moreover, in general, inkjet printing is an additive manufacturing method that is a 
versatile and cost-effective approach to deposit 2D or 1D nanomaterials that does not require 
cleanroom technology or masks/stencils that are typically associated with e-beam evaporation, 
sputtering, or screen-printing.  Hence, the annealing techniques and liquid metal contact deposition 
methods  developed herein could be useful for not only thermoelectric energy harvesters56 but also 
for other wearable energy harvesters such as solar57,58, piezoelectric, and triboelectric devices59–61 
as well as medical-focused flexible biosensors2,62–64 or nerve regrowth conduits5 that require 
electrical contact even during cyclic flexing and/or during fitting with curvilinear forms. 
Methods 
Thermoelectric nanowire ink formulation
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Distinct recipes were created for the development of BST and BT inks so that they were both 
amenable to inkjet printing.  Both BST and BT ink were diluted with DI water and centrifuged to 
create a homogeneous ink suitable for inkjet printing.  Briefly, the synthesized BST nanowire 
solution was diluted with DI water (3:1 ratio or 0.75 ml to 1.25mL) and centrifuged at 13,300 rpm 
for 10 minutes.  The NWs were rinsed by removing the supernatant via pipetting and subsequently 
mixing the remaining wires in fresh DI water (1.25 mL) via vortex mixing.  A second centrifugation 
step (10,000 rpm for 5 mins) was performed and the consequent supernatant was removed.  These 
removed nanowires were then remixed with fresh DI water (1.25 mL), and the resultant solution 
bath sonicated for 30 minutes to create a homogeneous jettable ink.  The synthesized BT nanowire 
solution was formulated in a similar fashion with the following variations.  BT ink was first diluted 
with DI water in the ratio of 1:1, and centrifuged at 12, 000 rpm for 10 minutes, followed by a 
second centrifugation at 10,000 rpm for 5 mins. The viscosity of the inks were measured using a 
Pheometer uVisc micropipette viscometer at 25 C.
Inkjet printing of thermoelectric nanowires
A Diamtix 2381 inkjet printer was used to print the thermoelectric nanowires according to our 
previous protocols46. Briefly, inkjet printer cartridges (10 pL cartridges with 1.5 mL ink space 
volume) were filled with BST or BT NW ink and used to print the p-type and n-type nanowires 
respectively. The BST and BT nanowires were printed with varied printer passes 25 to 150) to 
examine the effect of film thickness on the thermoelectric performance.    The temperature of the 
printer platen that holds the substrates during printing was set to 45C. All NWs were printed 
directly onto flexible polyimide (Katpon®, McMaster-Carr) which a partially wettable substrate 
with a static water contact angle of ~ 63 (see Figure S5).  This contact angle measurement was 
acquired by using a Goniometer where a droplet of 1.5µL water was dispensed onto the polyimide 
substrate through an integrated syringe pump.  Captured images were analyzed with the assistance 
of ImageJ software. 
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Post-print nanowire annealing and liquid metal contact printing
Thermal annealing of the printed BST and BT nanowires were conducted simultaneously in a MTI 
single-zone furnace within a 2 inch diameter quartz tube.  A steady stream of forming gas (flow 
rate 50 mL min-1, at atmosphere pressure) was used to fill the tube while the annealing temperature 
and time were varied between 400 °C and 450 °C and 10 mins and 2 hours respectively.  After 
thermally annealing, EGaIn was used to electrically connect the printed NWs and form the TEG 
device.  An EGaIn alloy was first prepared by mixing gallium and indium (Solution Materials, LLC) 
at a 3:1 ratio by mass and then heating the mixture at 200 °C overnight on a hot-plate to homogenize 
the alloy. To print the alloy, the BST and BT NWs already printed on flexible polyimide were 
masked with a laser-patterned tape and the EGaIn was coated onto unmasked polyimide to 
selectively deposit the EGaIn interconnects via a nitrogen-assisted spray coating procedure. After 
spray coating, the mask was removed and the printed EGaIn traces at the ends were connected to 
copper tape to facilitate electrical measurements. Finally, a thin layer of Pt-catalyzed silicone 
elastomer (Ecoflex 00-30, Smooth-On Inc.) was applied via doctor blade coating using a ZUA 2000 
Universal applicator (Zehntner Testing Instruments) to encapsulate the device and protect the NWs 
from further oxidation.
Printed thermoelectric generator characterization 
The complete thermoelectric generator (TEG) was characterized via electrical and thermoelectric 
measurements. In-plane electrical conductivity was measured by H5000 probe station with a 
temperature controller K2000, varying temperature from 295-400 K. Each sample was cut into 1 
cm2 square specimen for electrical measurements. The chamber held in vacuum (< 10 mTorr) 
during measurements. The in-plane Seebeck coefficient was measured by MMR SB1000 with a 
temperature controller K2000, varying temperature from 295-400 K. Seebeck measurement 
samples are cut into 1 mm by 6 mm strips and connected to sample holders with silver paste from 
Agar Scientific. A constantan wire was used as an internal reference. Open circuit potential and 
Page 16 of 21Nanoscale
N
an
os
ca
le
A
cc
ep
te
d
M
an
us
cr
ip
t
Pu
bl
ish
ed
 o
n 
21
 D
ec
em
be
r 2
01
8.
 D
ow
nl
oa
de
d 
by
 Io
w
a 
St
at
e 
U
ni
ve
rs
ity
 o
n 
12
/2
7/
20
18
 3
:1
4:
48
 P
M
. 
View Article Online
DOI: 10.1039/C8NR09101C
power output were measured with a Gamry reference 3000 electrochemical station by heating one 
side of the printed TEG via a hotplate over a temperature range of 45 to 80 °C, while the other side 
was placed on a Peltier cooler (~23°C).  The temperatures are recorded by thermometer with a 
computer-aid recorder. 
Imaging and thickness measurements of the printed thermoelectric nanowires
SEM micrographs were acquired from a FEI Quanta-250 SEM in secondary electron mode using 
a 10 kV accelerating voltage.  The working distance between the samples and the field emitter 
source aperture was kept at approximately 10 mm.  XRD patterns were acquired from a powder 
diffractometer (Model Siemens D500 x-ray diffractometer) with CuKα radiation. All samples 
were scanned from 15º to 70º with a scan rate of 2 º min-1.
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Liquid Metal Spray
Inkjet printer
Nanowire inks
1 �m
Nanowire based flexible thermoelectric generator with liquid metal contacts is fabricated by 
inkjet and spray printing.
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